Abstract. The non-isothermal cure kinetics of polymer silicate layered nanocomposites based on a tri-functional epoxy resin has been investigated by differential scanning calorimetry. From an analysis of the kinetics as a function of the clay content, it can be concluded that the non-isothermal cure reaction can be considered to consist of four different processes: the reaction of epoxy groups with the diamine curing agent; an intra-gallery homopolymerisation reaction which occurs concurrently with the epoxy-amine reaction; and two extra-gallery homopolymerisation reactions, catalysed by the onium ion of the organically modified clay and by the tertiary amines resulting from the epoxy-amine reaction. The final nanostructure displays a similar quality of exfoliation as that observed for the isothermal cure of the same nanocomposite system. This implies that the intra-gallery reaction, which is responsible for the exfoliation, is not significantly inhibited by the extra-gallery epoxy-amine cross-linking reaction.
Introduction
Polymer layered silicate (PLS) nanocomposites based on thermosetting polymers, such as epoxy resin, are interesting as a new class of material. In comparison with the unreinforced epoxy resin, these nanocomposites can exhibit significant improvements in mechanical properties, such as an increase in the modulus, tensile strength and impact strength, and in thermal properties such as flame retardance. As a consequence of the enhancement in these properties, they can find increased use in a wide range of industrial areas, from adhesives to coatings, and from microelectronic applications to high performance aerospace composite systems [1] [2] [3] [4] [5] [6] [7] . The procedure for the fabrication of epoxy-clay nanocomposites is based on in-situ polymerisation. Although this procedure is apparently simple, involving the mixing of the resin, clay and curing agent and effecting a suitable cure schedule, it transpires that the nanostructure and properties of the cured nanocomposite are very much dependent on the detailed conditions of the whole fabrication procedure, which includes, for example, the method of mixing the components as well as the curing process itself [4, 6] . The curing process, which may involve isothermal or non-isothermal (dynamic) cure schedules, or a combination or sequence of either of these, may be monitored and characterised by thermal analysis techniques, from which a number of kinetic parameters may be obtained. These parameters and other details of the cure process can be related to the nanostructure development, and hence thermal analysis is a useful tool in the study of these PLS nanocomposites [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Most of the studies of the cure reaction of epoxy PLS nanocomposites have concentrated on the iso -thermal or non-isothermal cure of bi-functional epoxy resin systems, typically diglycidyl ether of bisphenol-A (DGEBA); for example, only reference 13 of those cited immediately above (references 8 to 20) does not use DGEBA. Considerably less attention has been paid to the isothermal and/or non-isothermal cure behaviour of PLS nanocomposites based upon high-functionality epoxy resins, though there are exceptions, such as the study of triand tetra-functional epoxy resin systems [21] and our own earlier investigations of a tri-functional epoxy resin nanocomposite system based upon triglycidyl p-amino phenol (TGAP) [22, 23] . Strangely, Becker et al. [21] found that the DGEBA resin resulted in better exfoliation than for the resins of higher functionality, which is exactly contrary to our own experience. We found that, in the isothermal cure of TGAP-based nanocomposites, two distinct reactions occurred: the first of these reactions was very rapid and could be associated with the homopolymerisation reaction of the resin within the clay galleries, while the second reaction represented the cross-linking reaction of the TGAP with the curing agent, diaminodiphenyl sulphone (DDS) [22] . These TGAP systems resulted in significantly better exfoliation of the cured nanocomposite, as observed by both small angle X-ray scattering (SAXS) and transmission electron microscopy (TEM), in comparison with earlier studies of DGEBA-based nanocomposites [16] [17] [18] 20] . We attributed this to the beneficial occurrence, in the TGAP system, of the intra-gallery reaction before the bulk cross-linking reaction, whereas the homopolymerisation reaction in the DGEBA system does not occur until after the major part of the bulk crosslinking reaction has occurred, which inhibits any further separation of the clay layers from taking place. This earlier work was related to the isothermal cure behaviour of TGAP/hardener/clay systems. Not only were the kinetic parameters and activation energy determined for each of these two reactions, intraand extra-gallery, but also the effect of the cure temperature on the thermal properties and final nanostructure was studied [23] . It transpires that the first reaction, which takes place within the clay galleries and promotes the exfoliation of the clay, is enhanced at higher cure temperature, and hence higher isothermal cure temperatures give rise to increased exfoliation in the cured nanocomposite. This result is in agreement with the observations of Becker et al. [21] , who concluded that higher cure temperatures were found to improve clay delamination, as well as increasing the toughness and modulus in the case of both DGEBA-and TGAP-based materials. In order to further clarify the process of exfoliation in these TGAP-based systems, the goal of the present paper is to investigate the non-isothermal (dynamic) cure behaviour of the same system for comparison with the isothermal cure behaviour, to obtain the kinetic parameters and activation energy, and to analyse the quality of the final nanostructure.
Experimental 2.1. Materials
The epoxy resin (TGAP), with trade name Araldite MY0510 (Huntsman Advanced Materials, Huntsman Corporation, Texas 77380, USA) and an epoxy equivalent between 95-106 g/eq, the curing agent, 4,4-diamino diphenyl sulphone (DDS), with trade name Aradur 976-1 (Sigma-Aldrich Quimica SL, Madrid, Spain), and the organically modified montmorillonite (MMT), with trade name Nanomer I.30E (Nanocor Inc., Arlington Heights, IL, USA), consisting of 70-75 wt% montmorillonite and 25-30 wt% octadecylamine, with a cation exchange capacity of 92 meq/100 g, were used without further purification. First, TGAP and MMT were mixed mechanically in various proportions of MMT: 0, 2, 5 and 10 wt%. The curing agent, DDS, was added to the resin-clay mixture in a proportion of 52 wt%, which corresponds to a slight excess of epoxy, as is recommended by the manufacturer. Stoichiometric ratios were calculated based on the amine hydrogen equivalent weight (AHEW). The mixture was finally degassed under vacuum at room temperature.
Calorimetry
Small sample quantities (6-10 mg) were taken from this preparation and placed in sealed aluminium pans, ready for the curing experiments that were carried out using a conventional differential scanning calorimeter (DSC), DSC821e (Mettler-Toledo AG, Schwerzenbach, Switzerland). This instrument is equipped with a robot for sample placement in the furnace, with intra-cooling for sub-ambient temperatures, and with STAR e software for data evaluation. The DSC was calibrated with indium for both heat flow and temperature, and the experiments were performed under a flow of dry nitrogen gas at 50 mL/min. All the samples were cured non-isothermally from 0 to 290°C at different heating rates, !: 2, 5 and 10°C/min. The glass transition temperature, T g , of the fully cured nanocomposite was determined from a second non-isothermal scan, from 50 to 300°C at 10°C/min heating rate. It is worth pointing out that the T g of the non-isothermally cured nanocomposites is significantly lower than that for the isothermally cured nanocomposites, as a consequence of the difference in network structure. Therefore, whereas the determination of the T g of the isothermally cured nanocomposites required the use of a temperature modulated technique, TOPEM [24] , the T g of the non-isothermally cured samples can be measured in the conventional way from the step change in the heat flow during the second scan in the DSC. Although isothermal cure experiments were not performed for this work, comparison is made between the isothermal and the non-isothermal cure kinetics in order to clarify the reactions involved in the nonisothermal cure. For completeness, therefore, the isothermal cure procedure is also described here. The two systems involved are TGAP/DDS without any clay, cured isothermally at 150°C for 4 h, and the nanocomposite system with 5 wt% clay, TGAP/ DDS/MMT(5 wt%), cured isothermally at 165°C for 2 h. The procedure in each case was to heat the DSC furnace to the required isothermal temperature and then to insert the freshly prepared sample into the DSC by robot and immediately start the cure experiment. These isothermal experiments were followed by a second (non-isothermal) scan in the DSC, from 50 to 300°C, and in TOPEM, from 100 to 290°C, in order to determine the residual heat of reaction and the glass transition temperature of the fully cured nanocomposite, respectively.
Nanostructure characterisation
The final nanostructure was observed for bulk samples which had been cured in an air-circulating oven in which the temperature was increased linearly with time at a rate of 10°C/min. The nanostructural characterisation was made by SAXS and TEM. X-ray diagrams were obtained using a Bruker D8 Advanced diffractometer (Bruker Corporation, Billerica, Mass, USA), measurements being taken in a range of 2" from 1 to 8° with copper K# radiation ($ = 0.1542 nm); for this, powder samples were obtained by ball-milling (Retsch model MM 400, Retsch Gmbh, Haan, Germany) the bulk samples using 20 mm diameter steel balls and a frequency of 20 Hz for a period of 4 minutes. The TEM studies were carried out on a high resolution microscope (Jeol-2010, Jeol Ltd, Tokyo, Japan) at 200 kV accelerating voltage with high resolution imaging and with 0.23 nm point resolution; for this, sections of approximately 50 nm thickness were cut from the bulk sample by ultra-microtomy.
Kinetic analysis
The kinetic model for the time dependence of the degree of cure, #, for a non-isothermal curing process with a constant heating rate can be described by the following Equation (1): (1) where k(T) is the rate constant, which depends on the temperature, T, and f(!) is a function of the kinetic model. The rate constant k(T) can be further expressed by the Arrhenius equation (Equation (2)): (2) where E is the activation energy, A is the pre-exponential factor, and R is the universal gas constant. In this paper, the autocatalytic model in which the initial cure rate is zero, known as the Sesták-Berggren equation, is chosen for the f(!) function, as shown in Equation (3):
where m and n are the reaction orders. In the DSC experiments, the heat flow, ", that is measured and which results from the curing reaction is assumed to be proportional to the rate of cure according to Equation (4): (4) where %H tot is the total heat of cure of the reaction, obtained from the total area under the non-isothermal cure curve. The usual approach in the kinetic analysis is to determine the activation energy by a direct method, and subsequently to determine ln(A) and the kinetic Shiravand et al. -eXPRESS Polymer Letters Vol.9, No.8 (2015) [695] [696] [697] [698] [699] [700] [701] [702] [703] [704] [705] [706] [707] [708] parameters of the function f(!). There has been considerable discussion in the literature about the numerous methods for the evaluation of the kinetic parameters, and in particular of the activation energy [25] . For example, Starink [26] gives an extensive comparison of methods for the analysis of constant heating rate experiments, and concludes that so-called 'Type B' methods, such as those due to Ozawa [27] and Vyazovkin [28, 29] , in which some approximations of the temperature integral are made, are often to be preferred to those methods (Type A), such as the Friedman isoconversional method, which make no such approximations, in particular as a consequence of uncertainty in the application of a baseline to the experimental data. Accordingly, here we adopt the most commonly used Type B method, the Kissinger method [30, 31] , for the determination of the activation energy. This method is based upon the determination, as a function of the heating rate #, of the temperature, T p , at which the heat flow passes through a maximum. The approximation made here is that the degree of conversion is a constant value at this peak, independent of the heating rate, and leads to a linear relationship between ln(#/T p 2 ) and the reciprocal of T p , from which the activation energy, E, is obtained. Once the activation energy has been determined, the other kinetic parameters can be obtained from the DSC curves by the method suggested by Málek [32] , which involves the calculation of two functions, y(!) and z(!), defined by Equations (5) and (6) for non-isothermal cure:
where 
Results and discussion 4.1. DSC study of the TGAP/DDS system
As a starting point and reference with which to compare the dynamic cure behaviour of the TGAP clay nanocomposite, we begin by describing the cure kinetics of the system without clay, namely the TGAP/DDS system. In the isothermal cure of TGAP/ DDS studied earlier [24] , a single exothermic peak appears, as shown in Figure 1 , which is related to the cross-linking reaction of TGAP/DDS. In contrast, during a dynamic scan of the same system, as shown in Figure 2 , the cure curve exhibits both a peak and a shoulder, which shift to higher temperature for faster heating rates. It is clear that the non-isothermal cure process consists of two overlapping reactions: the first is the main reaction, and is attributed to the cross-linking reaction between the TGAP and DDS; the second, which appears as a shoulder on the high temperature flank of the main peak, could be attributed to a number of different reactions, and is discussed further after examining the total heat of reaction. The total heat of the reaction, represented by the area under both the first and second peaks, and determined as the average from the non-isothermal scans at the three different heating rates, is found to [33] use an epoxy equivalent of 101 g/ee, from the manufacturer's literature, and a stoichiometric ratio of epoxy: amine, whereas Varley et al. [34] determine the epoxy equivalent by titration as 106 g/ee and use a molar ratio epoxy:amine of 1:0.9, implying a slight excess of epoxy. Whereas previously we determined the epoxy equivalent by titration as 95 g/ee [24] , which is at the lower end of the range of values 95 to 106 g/ee given in the manufacturer's literature, in the present work we found that some homopolymerisation of the epoxy resin had taken place, presumably initiated by the N in the TGAP chemical structure, resulting in a slight increase in the glass transition temperature of the resin. Accordingly, for the determination of the heat of reaction in units of kJ/ee we also use the value of 106 g/ee together with the molar ratio of 1:0.9 for the epoxy:amine mixture. We discuss now the composite peak that appears in the non-isothermal scan of TGAP/DDS, which can be deconvoluted into two separate exothermic peaks by means of the PeakFit program (PF version v4, Jandel Scientific software, Systat Software Inc., San Jose, California, USA). Similar observations were made by Frigione and Calò [33] , who found a pronounced shoulder in the last part of the dynamic exotherm peak, which they attributed to 'diffusional processes taking place at higher conversions', and which they were unable to fit using an autocatalytic model based upon the Equation (7) [35, 36] : (7) where k 1 and k 2 represent the temperature dependent rate coefficients for the reaction catalysed by proton donors initially present in the system and those that are produced during cure, respectively. Here, the fit obtained using the asymmetric double sigmoidal function (ADL) shows quite good agreement with the experimental data, a typical example being shown in Figure 3 for a heating rate of 10°C/min. It is noticeable, however, that the abrupt decrease in the experimentally measured heat flow at the end of the reaction, at temperatures higher than about 260°C, is not well modelled by the PeakFit programme, even though the fit using the ADL function shown here was better than that obtained using any of the other available functions. We now consider the following possibilities for the appearance of such a composite peak. (a) The first peak is due to the reaction of the epoxy groups with primary amines, whereas the second is due to reactions with secondary amines. The argument here would be that the reactivity of primary and secondary amines is significantly different. It should be noted that DDS, particularly in respect of the secondary amines, is less reactive than other aromatic amines. (b) For some reason the TGAP/DDS cross-linking reaction during non-isothermal cure results in a topological network structure which inhibits, at some degree of cure, the further reaction of the TGAP with the DDS. For this reason, higher temperatures are required in order to provide sufficient mobility to the reacting species, whereupon a further reaction occurs. This argument is similar to that put forward by Frigione and Calò [33] , which was based upon the need for diffusional processes to take place at higher temperatures. (c) The cure process begins with the reaction of epoxy groups with primary amines. This reac- Figure 3 . Deconvoluted peaks for non-isothermal cure of TGAP/DDS system at 10°C/min: squares, original DSC curve; red curve, first reaction, epoxyamine cross-linking; green curve, second reaction, homopolymerisation; blue curve, PeakFit superposition tion produces secondary amines which themselves react with the epoxy to produce tertiary amines, which in turn act as an initiator of epoxy homopolymerisation. These tertiary amines act in conjunction with the nitrogen of the TGAP and the alcohol groups formed by the reaction of the TGAP with the DDS to provide a strong driving force for homopolymerisation. Possibly in combination also with topological constraints, as proposed in (b) above, this would promote epoxy homopolymerisation as the preferred reaction mechanism. In order to distinguish between these various possibilities, some further information is required, which is afforded by the determination of the glass transition temperature of the fully cured system, T g( . The T g( for the non-isothermally cured sample of TGAP/ DDS can be determined from a second DSC scan, and the results are presented in Figure 4 . As is often observed, the glass transition temperature of the sample that has been cured non-isothermally is lower than that of a sample cured isothermally, which was determined in earlier work by means of the temperature modulated DSC technique TOPEM to be around 256°C [24] . Here, though, the T g( of the nonisothermally cured system is very much lower, and decreases with increasing heating to reach a value as low as 206°C at 10°C/min heating rate. This observation needs to be consistent with the possible explanation for the presence of a composite reaction curve, as shown in Figures 2 and 3 , as discussed immediately above. Possibility (a) does not present any obvious reason for why the T g( should decrease with increasing heating rate, as primary and secondary amines would be expected to lead to similar network structures in the cured system. Nor does possibility (b) explain this observation if the effect of the topological constraint is simply to delay the secondary amine reaction. On the other hand, possibility (c) implies that the network structure would indeed be different, as more homopolymerisation would occur the higher is the heating rate. The asymmetric shape of the second deconvoluted peak in Figure 3 might result from the gradually increasing contribution from the homopolymerisation reaction as the tertiary amines are progressively created. Since homopolymerisation is associated with a reduced cross-link density, and hence with a reduction in T g( , we believe that the second peak in the composite non-isothermal curing reaction occurs as a consequence of homopolymerisation. We now examine the corresponding behaviour of the same system in which clay is now incorporated.
DSC study of the TGAP/DDS/MMT system
A typical isothermal cure curve, obtained by DSC, for the TGAP/DDS/MMT system is shown in Figure 5 , for the particular case of cure at 165°C. As can be seen, there are clearly two exothermic peaks, distinctly different from the single exothermic reaction seen for isothermal cure of the system without clay shown in Figure 1 ; the first rapid peak is attributed to the TGAP homopolymerisation within the clay galleries (intra-gallery reaction), while the main broad peak is related to the cross-linking reaction between TGAP and DDS in the bulk of the sample (extra-gallery reaction). The justification for assigning the first peak to a homopolymerisation reaction catalysed by the organically modified clay has been given earlier [22, 23] . One might therefore anticipate, for the non-isothermal cure of the TGAP/DDS/MMT system, more complex reaction kinetics than has been shown above for the TGAP/DDS system without clay, where the TGAP/DDS reaction is accompanied by an epoxy homopolymerisation reaction catalysed by the tertiary amines. This is indeed found to be the case. A typical non-isothermal cure curve for the TGAP/ DDS/MMT system is shown in Figure 6 . Although the appearance of these curves is very similar to that of the non-isothermal cure curves for the system without clay shown in Figures 2 and 3 , when they are deconvoluted by the same PeakFit program software there appear three distinctly separate peaks, rather than two, as shown in Figure 7 for the particular case of the heating rate of 10°C/min. The assignment of the reactions associated with each of these peaks is now considered. In order to distinguish between them, the heat of reaction is determined for each deconvoluted peak, denominated 1 st , 2 nd and 3 rd peak in order of increasing temperature. The average values, &H av , are determined from the cure curves for the three different heating rates used, for which no significant dependence of heat of reaction on heating rate was observed.
The results are presented in Table 1 as a function of the MMT content, where the heats of reaction are given in units of kJ/ee calculated using an epoxy equivalent of 106 g/eq. Each of the three peaks is now considered in turn. The 1 st peak is clearly the most intense and occurs at the lowest temperature, with a maximum at just less than 220°C for the heating rate of 10°C/min, for example, and is attributed principally to the cross-linking reaction of the TGAP and the DDS. This can be justified by comparison with the system without clay, for which the 1 st peak occurred also at about 220°C for the same heating rate of 10°C/min, the slight reduction in the peak temperature for the system with clay being attributed to the catalytic effect of the organically modified MMT, observed earlier in epoxy-clay nanocomposites based upon DGEBA epoxy resin [16, 17] . However, the isothermal cure for the TGAP/DDS/MMT system showed that there is a very rapid intra-gallery homopolymerisation reaction that occurs before the crosslinking reaction (see Figure 5) . Furthermore, comparison of the heats of reaction given in Table 1 shows that the introduction of a small amount of clay (less than or equal to 5 wt%) into the system considerably increases the heat of reaction of this 1 st peak. We believe, therefore, that this first peak includes both the cross-linking reaction and the intra-gallery homopolymerisation reaction. It is interesting to examine further the effect of clay content on the heat of reaction of the 1 st peak. The Figure 6 . Non-isothermal DSC cure curve for TGAP/DDS/ MMT(5 wt%) system from 0°C to 280°C for different heating rates: blue long dash, 2°C/min; red full line, 5°C/min; green short dash, 10°C/min Figure 7 . Deconvolution, using PeakFit program, of non-isothermal DSC scans (indicated by brown crosses) of TGAP/MMT/DDS system with 5 wt% MMT at 10°C/min heating rate, into three peaks: 1 st peak, blue rhombus; 2 nd peak, cyan squares; 3 rd peak, green triangles. The full red line shows the overall fit. heat of reaction first increases, from 74.0 to 88.5 kJ/ee for a clay content of 2 wt%, and thereafter decreases with increasing clay content. Such a reduction in the heat of reaction with increasing clay content (here from 2 to 10 wt%) has been observed in much of our earlier work on epoxy/clay systems [16, 17, 20, 37] , and can be attributed either to the effect of the stoichiometry of the reaction or to the fact that the heat of reaction for homopolymerisation is smaller than that for the epoxy-amine reaction [17, 38, 39] . The initial increase in the heat of reaction for the clay content of 2 wt% may be explained on the basis of stoichiometry, as follows. During the non-isothermal cure, the cross-linking reaction of the 1 st peak is accompanied by a homopolymerisation reaction, which consumes epoxy groups without any reaction with the DDS. For 0 wt% clay in the system TGAP/ DDS, there is a slight excess of epoxy, and hence the cross-linking reaction occurs in conditions that are not stoichiometric, for which reason the heat of reaction will be smaller than it would be in stoichiometric conditions. As the clay content is increased, the contribution of the homopolymerisation reaction increases, and consequently the cross-linking reaction associated with the 1st peak will move first into stoichiometric conditions, with a concomitant increase in the heat of reaction, and then into conditions of excess DDS, which would result in a decrease of the heat of reaction with increasing clay content. We believe that the results presented in Table 1 indicate that stoichiometric conditions for the cross-linking reaction occur when the clay content is between 0 and 5 wt%, possibly close to 2 wt%. In addition to this effect, it must also be borne in mind that the heat of reaction for homopolymerisation is smaller than that for the epoxy-amine reaction [17, 38, 39] . As a consequence, there is a significant reduction in the heat of reaction as the clay content is increased beyond 2 wt%, and in fact to such an extent that for 10 wt% MMT the heat of reaction is even less than that for the system without clay. This result may also be taken to indicate that the amount of intra-gallery homopolymerisation that takes place is greatest for the highest clay loading; this observation will be considered later when the nanostructure of these nanocomposites is discussed. Considering now the 2 nd peak, Table 1 shows that the heat of reaction for this peak increases systematically with clay content. This is further illustrated in Figure 8 , where it can be confirmed that the heat of reaction is essentially independent of heating rate. The presence of MMT therefore clearly enhances this 2 nd reaction. Examination of Figure 7 shows that the 2 nd reaction begins at about the temperature of the maximum of the 1 st peak, and since the intragallery reaction has therefore already largely occurred simultaneously with the cross-linking reaction in the 1 st peak, we attribute the 2 nd peak to an extragallery epoxy homopolymerisation reaction catalysed by the organically modified MMT. The 3 rd peak shows a dramatic decrease in the heat of reaction simply as a result of the presence of clay, with no significant or systematic dependence on the clay content. This peak is assigned to the extragallery epoxy homopolymerisation reaction, initiated by tertiary amines. The strong reduction in the heat of reaction corresponding to this peak when the clay is added may be attributed mainly to the epoxy homopolymerisation that is now taking place within the clay galleries, leaving fewer epoxy groups to react in the extra-gallery regions.
Kinetic analysis of the TGAP/DDS/MMT
system The separation of the composite peak into the three peaks corresponding to the reactions discussed above allows also the determination of, amongst other things, their individual activation energies. By applying the Kissinger method, the activation energy for each of these reactions has been found, and the results are given in Table 2 for comparison with the Kissinger values of the activation energy obtained for the composite curves without deconvolution. Considering first the TGAP/DDS system without clay, for which the non-isothermal cure curves at 2, Figure 8 . Dependence on MMT content of the heat of reaction corresponding to the 2 nd peak for different heating rates: 2°C/min, blue rhombus; 5°C/min, red squares; 10°C/min, green triangles.
5 and 10 K/min are shown in Figure 2 , the Kissinger activation energy corresponding to these three heating rates is found as 60.1 kJ/mol. This is somewhat larger than the value of 50.9 kJ/mol quoted by Varley et al. [34] for the same TGAP/DDS system, but the explanation for this apparent discrepancy lies in the range of heating rates and in the averaging process associated with the Kissinger method. Varley et al. [34] use a range of heating rates from 2 to 30 K/min for their evaluation of the activation energy, whereas our value of 60.1 kJ/mol is obtained for a more limited range, covering the slower heating rates. When we extend the range of heating rates to include also 20 and 30 K/min, the average activation energy is found to be 50.4 kJ/mol, in very close agreement with Varley et al. [34] . The dependence of ln(#/T p 2 ) on the reciprocal of T p is clearly not linear over the whole range of heating rates, and the reason for this is that the overall cure curves, such as those shown in Figure 2 for the TGAP/DDS system, consist of more than a single reaction, each reaction having a different activation energy. It is therefore not very meaningful to evaluate the Kissinger activation energy, as the value will depend on which reaction is predominant in determining the peak temperature according to the range of heating rates used. The same considerations apply also to the TGAP/ DDS/MMT system, for which the non-isothermal cure curves for the 5 wt% clay content are shown in Figure 6 , for heating rates of 2, 5 and 10 K/min. Using this range of heating rates, the Kissinger activation energy is found as 63.8 kJ/mol, whereas the inclusion of the higher heating rates of 20 and 30 K/min gives a value of 56.5 kJ/mol. In general, the observed reduction in the Kissinger activation energy as the range of heating rates is extended to higher values is consistent with the activation energies found for the deconvoluted peaks and shown in Table 2: the activation energies for the 2  nd and 3 rd peaks are higher than those for the 1 st peak; at lower heating rates, where the different reactions overlap in the approximate range of their peak temperatures, the 2 nd and 3 rd reactions significantly influence the composite peak temperature; on the other hand, at higher heating rates the 2 nd and 3 rd peaks are more separated from the 1 st peak, because their activation energies are higher, and hence the composite peak temperature becomes associated principally with the 1 st peak, and hence with a lower activation energy. Considering in more detail the activation energies for the various peaks indicated in Table 2 , we note the following characteristics. The significantly higher activation energies for both the 2 nd and 3 rd peaks in comparison with that for the 1 st peak, is consistent with their assignation as homopolymerisation reactions. The 3 rd peak in particular has a very high activation energy, which would be anticipated for a thermally catalysed homopolymerisation reaction. For the 2 nd peak, attributed here to an extra-gallery homopolymerisation reaction catalysed by the onium ion of the organically modified MMT, the activation energy is somewhat lower than that for the 3 rd peak, and there is a noticeable decrease in the activation energy with increasing MMT content, consistent with a catalytic effect of the MMT, as has been noted before [22, 23] . After determining the activation energies, the kinetic exponents m and n in Equation (3) for the 1 st peak, which is a combination of the epoxy-amine crosslinking reaction and the intra-gallery homopolymerisation reaction, can be evaluated by Malek's method [32] using the TAS software. The average values for these parameters are included in Table 2 . Typically, m must be less than 1 and the sum of the reaction orders (m+n) should be around 2 or 3, conditions which are met by these results. It is interesting, however, to compare these values with those found for the isothermal cure of both the same TGAP/DDS/MMT system and the TGAP/DDS system without any clay [23] . For the former system, containing 5 wt% MMT, for which the epoxy-amine cross-linking reaction could be deconvoluted from the rapid intra-gallery homopolymerisation reaction, there was some variation of the values of the parameters m and n depending on the isothermal cure temperature, the average values being m = 0.6±0.2 and n = 2.1±0.4, while for the latter system, without clay, the values were m = 0.8 and n = 2.6 approximately. The isothermal cure of the TGAP/ DDS system is therefore seen to be highly autocatalytic, which can be understood in terms of the production of secondary amines by the reaction of the epoxy with primary amines. In the TGAP/DDS/ MMT system, on the other hand, the isothermal cross-linking reaction appears to be less autocatalytic, which we might infer to be an effect of the presence of the clay. For the non-isothermal cure of this TGAP/DDS/MMT system, for which the results are presented in Table 2 , the further reduction in the values of m and n for the 1 st reaction, which is attributed to the combination of the epoxy-amine crosslinking reaction in the presence of clay and the intragallery homopolymerisation reaction, is consistent with this scenario.
Nanostructural analysis
An improvement in the degree of exfoliation of the nanostructure of the cured nanocomposite can be achieved by promoting the intra-gallery homopolymerisation reaction such that it occurs before the extra-gallery cross-linking reaction. This was shown clearly in earlier work with this same TGAP/DDS/ MMT system [22, 23] , where for isothermal cure the intra-gallery reaction at least partially preceded the epoxy-amine cross-linking reaction. In contrast, for the isothermal cure of PLS nanocomposites based upon DGEBA epoxy, the occurrence of the intragallery homopolymerisation reaction after, rather than before, the cross-linking reaction results in a very poorly exfoliated nanocomposite [17] . During the non-isothermal cure of the system studied here, a composite peak appears for which the 1 st peak represents the contribution from the combination of the TGAP-amine cross-linking reaction and the intragallery homopolymerisation reaction catalysed by the onium ion of the modified MMT, both reactions occurring simultaneously. As this composite peak cannot be deconvoluted into the separate contributions of the epoxy-amine reaction and the homopolymerisation reaction, it is not clear from the reaction kinetics how the nanostructure might develop. Accordingly, nanostructural characterisation is required in order to identify whether or not a high degree of exfoliation is obtained for this system when it is cured non-isothermally. We recall that, from a consideration of the effect of the clay content on the heat of reaction for the 1st peak, shown in Table 1 , it was concluded that the greatest amount of intragallery reaction occurs for the sample containing 10 wt% MMT. Consequently, we examine by SAXS and TEM the nanostructure of non-isothermally cured samples containing 10 wt% MMT. The SAXS diffractogram is shown in Figure 9 , which should be compared with the scattering observed for the organically modified MMT alone, which gives a marked peak at an angle of 4.2° corresponding to a d-spacing of 2.1 nm [16] , and for the same nanocomposite systems cured isothermally [23] , for which the diffractograms were qualitatively identical to that shown in Figure 9 for the non-isothermally cured sample. In Figure 9 there remains no evidence of the strong scattering of the MMT; instead it can be seen that, after the initial rapid fall corresponding to the background scattering, there are no scattering peaks evident within the range of angles covered here, implying that there is no regular layer stacking with a d-spacing less than about 8 nm. The same observation, namely the lack of scattering peaks in the low angle range, was also made for the nanocomposite systems with 2 and 5 wt% clay contents; the diffractograms for these samples were qualitatively identical to that in Figure 9 , the only difference being in the intensity, which depends on the clay content. These non-isothermally cured samples would therefore appear to be exfoliated, but this conclusion must be corroborated by TEM observations. The TEM micrographs are shown in Figure 10 , at various magnifications. The lowest magnification can be seen in Figures 10a and 10b , where portions of two different ultra-microtomed sections of the same sample are each framed by a single grid of the support; these images, which are typical of the whole sample, indicate that in some areas there are no clay agglomerations visible (Figure 10a ), while in other areas a number of clay agglomerations can be seen (Figure 10b ), the largest here being between 5 and 10 µm in size, but in other areas some agglomerations may be as large as 20 to 25 µm in size. At higher magnifications (Figures 10c and 10d) , typical agglomerations are seen to be composed of 'islands' with a relatively high density of clay layers, these 'islands' being separated and surrounded by the epoxy matrix, presumably containing well distributed and exfoliated clay layers. Any one of these 'islands', at even higher magnification, such as that shown in Figure 10e , can be seen to consist of a number of clay layers separated by distances of, typically, between 10 and 20 nm, which represents a significant degree of exfoliation. Nevertheless, there are regions in which some clay layers retain their original layer stacking, albeit with an increased layer separation. Figure 10f shows one such region, where many clay layers can be seen in register, with a spacing of only 4 to 5 nm between them; this region clearly does not represent a well exfoliated nanostructure. Nevertheless, the overall nanostructure evident from these TEM micrographs is similar to that observed for the isothermal cure of the same nanocomposite system [23] . We infer from this that the combination of the epoxy-amine cross-linking reaction and the intra-gallery homopolymerisation reaction which constitutes the 1st peak in the non-isothermal cure of the TGAP/DDS/MMT system retains the relationship between these two reactions that was evident in the isothermal cure, namely that the intra-gallery reaction is not significantly inhibited by the epoxyamine cross-linking reaction in the extra-gallery regions.
Although only the sample with 10 wt% clay content has been studied here by TEM, as it was expected to give the greatest amount of intra-gallery reaction, we believe that the similarity of nanostructure evidenced by TEM between isothermally and non-iso thermally cured samples could be extended also to the lower clay contents of 2 and 5 wt%. We base this on the SAXS results, which were obtained for all three clay contents, and which show that in all cases there is no indication of any diffraction peak in the low angle range, as well as on the following argument.
In many ways, the 10 wt% sample can be considered to be the most 'problematic', and hence a good degree of exfoliation would be anticipated for the 2 and 5 wt% samples if it is, as shown in Figures 9 and 10, present in the 10 wt% sample. The reason for this is that the initial dispersion of the clay in the epoxy is an important factor in the nanostructure development, and this dispersion improves as the clay content decreases. If there are significant agglomerations present, then the epoxy cannot penetrate to the clay in the heart of these agglomerations, and hence the intra-gallery reaction will not occur there. Figure 10 shows that some agglomerations clearly remain, but they are not nearly as large as in some other epoxy-clay systems, and their effect is apparently not to inhibit the intra-gallery homopolymerisation reaction, inasmuch as Table 1 shows that the heat of reaction decreases significantly for the 10 wt% sample (as a result of homopolymerisation having a lower heat of reaction) while Figure 9 shows that there is no layer stacking that would occur if the epoxy could not enter the galleries. It is concluded from this that if the relative rates of intraand extra-gallery reactions for the 10 wt% sample are such that the latter does not inhibit the former, then the same would be true, and even more so, for the lower clay contents of 2 and 5 wt%.
Conclusions
In the non-isothermal cure of the TGAP/DDS/MMT system, the composite curve can be deconvoluted into three separate peaks corresponding to three different reactions, in contrast to isothermal cure for which there are only two contributions. These three peaks are: (i) a combination of the epoxy-amine cross-linking reaction and an intra-gallery homopolymerisation reaction; (ii) an extra-gallery homopolymerisation reaction which is catalysed by the organically modified MMT; and (iii) another extra-gallery homopolymerisation reaction, which is catalysed by tertiary amines. But the important distinction between the isothermal and non-isothermal cure kinetics is that, for non-isothermal cure, the intragallery reaction occurs concurrently with the epoxyamine cross-linking reaction taking place in the extra-gallery regions, in contrast to isothermal cure for which the epoxy-amine cross-linking reaction takes place after the intra-gallery reaction. This distinction between the two cure schedules has been related to differences in the kinetics of isothermal and non-isothermal cure. Despite these differences between the isothermal and non-isothermal cure kinetics, however, it appears that the final nanostructure resulting from the two cure schedules is very similar when examined by SAXS and TEM. Just as for isothermal cure, no scattering peak can be detected by SAXS for the non-isothermally cured nanocomposites. Nevertheless, the TEM images show, similarly to the isothermally cured samples, the existence of some clay agglomerations which consist of a number of clay layers with a d-spacing typically in the range from 10 to 20 nm. Hence, the final nanostructure presents a good quality of exfoliation, similar to that observed previously for samples which were cured isothermally. This implies that the intra-gallery homopolymerisation reaction, which is a necessary stage in the exfoliation process, is not significantly inhibited by the epoxy-amine cross-linking reaction occurring simultaneously in the extragallery regions.
